Phytochrome regulates various physiological and developmental processes throughout the life cycle of plants. Among the members of the phytochrome family, phytochrome A (phyA) exclusively mediates the far-red light high irradiance response (FR-HIR), which is elicited by continuous far-red light. In FR-HIR, nuclear accumulation of phyA, which precedes physiological responses, is proposed to be required for the response. In contrast to FR, red light induces rapid degradation of phyA to suppress undesirable long-term photomorphogenic responses of phyA. In the present study, we compared biological activities between phyA derivatives to which either a nuclear localization (NLS) or export (NES) signal sequence was attached. Those derivatives were expressed under the control of the PHYA promoter in the Arabidopsis phyA mutant. Detailed microscopic observation revealed that the phyA-green fl uorescent protein (GFP) without a signal sequence is localized exclusively in the cytoplasm in darkness. Rapid nuclear entry was observed after exposure to both red and far-red light. Interestingly, both phyA-GFP-NLS and phyA-GFP-NES were rapidly degraded under continuous red light. Furthermore, a proteasome inhibitor delayed degradation equally under these two conditions. Therefore, similar mechanisms for phyA degradation may exist in the cytoplasm and nucleus. As expected from previous reports, phyA-GFP-NLS, but not phyA-GFP-NES, mediated different aspects of FR-HIR, such as inhibition of hypocotyl elongation and rapid induction of gene expression, confi rming that phyA nuclear localization is required for FR-HIR. In addition, a detailed time course analysis of phyA-GFP and phyA-GFP-NLS responses revealed that they were almost indistinguishable, raising the question of the physiological relevance of phyA cytoplasmic retention in darkness.
Introduction
Plants need to be very fl exible in their responses to different light environments because they are photosynthetic and nonmotile. Light not only serves as a source of energy, but also provides information for control of physiological and developmental processes. Since plants must adapt to fl uctuating light environments, they have evolved diverse classes of photoreceptors, namely the cryptochromes, phototropins and ZTL/FKF/ LPK2 ( Cashmore et al. 1999 , Briggs et al. 2001 , which are the receptors for UV-A and blue light, and the phytochromes, which mainly monitor red (R) and far-red (FR) light (reviewed in Neff et al. 2000 , Smith 2000 .
Phytochromes control major plant developmental transitions, including seed germination, de-etiolation (the change between heterotrophic growth using resources from the seed and establishment of the photosynthetic and autotrophic plant), stem elongation, timing of fl owering and avoidance response to neighboring competitors (reviewed in Nagy and Schäfer 2002 ) . Phytochromes have the unique characteristic of existing in two interconvertible forms, P R and P FR , of which P FR is the biologically active form (reviewed in Rockwell et al. 2006 ) . Upon R absorption, inactive P R is converted to active P FR , which converts back to P R following FR absorption.
A persistent objective in phytochrome research has been identifi cation of the cellular and molecular mechanisms by which phytochrome regulates photomorphogenesis.
Experimental evidence to date indicates that phytochrome signal transduction requires the combination and coordination of molecular, cellular and biochemical processes that take place in diverse subcellular compartments ( Moller et al. 1999 , Quail 2002 , Nagatani 2004 , Lorrain et al. 2006 . Indeed, the subcellular location of the phytochromes changes dynamically. It is now known that photoconversion of phytochromes to the active form triggers nuclear entry in a light quality-and quantity-dependent manner ( Sakamoto and Nagatani 1996 , Yamaguchi et al. 1999 , Kircher et al. 1999 , Hisada et al. 2000 , Kircher et al. 2002 .
The phytochrome family consists of fi ve members, phytochrome A to E (phyA-phyE), in Arabidopsis ( Abe et al. 1989 , Sharrock and Quail 1980 , Clack et al. 1994 . Among these, phyA is unique in several ways (reviewed in Quail et al. 1995 ) . PhyA P R accumulates at very high levels in the dark. In contrast, phyA P FR is labile ( Abe et al. 1989 , Sharrock and Clack 2002 ) . Upon transition of plants from dark to light, phyA is rapidly degraded. The degradation of phyA P FR is preceded by ubiquitination, which, in turn, triggers rapid degradation of phyA by the proteasome ( Jabben et al. 1989a , Jabben et al. 1989b . Recently, the CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) protein (reviewed in Yi and Deng 2005 ) has been shown to be involved in this process ( Seo et al. 2004 ) .
With respect to physiological functions, phyA exclusively mediates two atypical modes of phytochrome action; the very low fl uence response (VLFR) ( Shinomura et al. 1996 ) and the FR high irradiance response (FR-HIR) ( Nagatani et al. 1993 , Parks and Quail 1993 , Whitelam et al. 1993 . VLFR is elicited with a very small amount of light, which converts <0.1 % of phyA P R to P FR ( Mancinelli 1994 ) . Under continuous FR, only 1 % of phyA exists in the P FR form in the photo-equilibrium state. Nevertheless, full de-etiolation responses are observed when plants are placed under prolonged FR. This peculiar response is referred to as FR-HIR. A short-lived intermediate between P R and P FR has been proposed to elicit this response ( Shinomura et al. 2000 ) .
Nuclear translocation of phyB, a major molecular species of phytochrome, is necessary to control seedling de-etiolation ( Huq et al. 2003 , Matsushita et al. 2003 . Nuclear localization also appears important for phyA function. PhyA-green fl uorescent protein (GFP) translocates from the cytoplasm into the nucleus under continuous FR ( Kircher et al. 1999 , Kim et al. 2000 . Recently, FAR-RED ELONGATED HYPOCOTYL 1 (FHY1) and FHY1-LIKE (FHL) were identifi ed as key regulators of the phyA nuclear import ( Hiltbrunner et al. 2005 , Zhou et al. 2005 , Hiltbrunner et al. 2006 . Studies on fhy1-fhl mutants have indicated that nuclear translocation of phyA is a prerequisite for FR-HIR ( Hiltbrunner et al. 2006 , Rösler et al. 2007 , Genoud et al. 2008 ). These observations support the idea that phyA, like phyB, transduces the signal in the nucleus in response to continuous FR.
In the present work, the subcellular sites of the phyA reactions were examined. To accomplish this goal, phyA-GFP was constitutively localized in the nucleus or the cytoplasm using nuclear localization (NLS) or export (NES) signals, respectively. These phyA-GFP derivatives were expressed under the control of the authentic PHYA promoter in the phyA mutant background. As a control, phyA-GFP without a localization signal was expressed in the same way. The nuclear and cytoplasmic levels of the phyA derivatives were monitored during the course of the light response. The degradation kinetics of phyA-GFP localized in the different subcellular sites was monitored. Finally, the physiological responses of these plants to continuous FR were compared in detail. Consequently, we confi rmed that the phyA signal is transduced primarily in the nucleus. However, phyA-GFP was degraded in both the nucleus and the cytoplasm, albeit with slightly faster kinetics in the nucleus.
Results

Transgenic plants expressing phyA-GFP derivatives
To elucidate the sites of phyA signal transduction and degradation within the cell, full-length phyA-GFP derivatives with either an NLS or an NES were expressed in the Arabidopsis phyA mutant under the control of the authentic PHYA promoter. The resulting lines were referred to as APAGL and APAGE, respectively ( Fig. 1A ) . As a control, phyA-GFP without a localization signal was expressed in the APAG lines. No obvious morphological phenotype was observed when these plants were grown under continuous white light ( Supplementary Fig. S1 ).
Three-day-old etiolated seedlings were observed microscopically for GFP fl uorescence to select lines expressing higher levels of the introduced proteins. Expression was further analyzed by immunoblotting to fi nally select APAG53, APAGL35 and APAGE4 as the main representative lines. The correct subcellular localization and size of the introduced phyA-GFP derivatives were confi rmed by microscopic observation ( Fig. 1B ) and immunoblotting ( Fig. 1C ) , respectively. The expression levels were comparable in these lines with that in the wild type ( Fig. 1C ) . Furthermore, additional lines, such as APAG77 ( Supplementary Fig. S2 ) and APAGL36 ( Fig. 1 ) , were used in some experiments.
Our PHYA promoter-driven lines attained higher accumulation levels than previously reported phyA-GFP plants ( Kircher et al. 1999 , Kim et al. 2000 , reaching amounts similar to the endogenous phyA ( Fig. 1C ) . Under this premise, phyA-GFP was observed in epidermal cells in the hook region of 3-day-old dark-grown seedlings. Consequently, phyA-GFP was dispersed homogenously in the cytosol, but was not detected in the nucleus ( Fig. 1B ) . This observation is consistent with reports describing other phyA-GFP plants ( Kircher et al. 1999 , Kim et al. 2000 . By minimizing exposure of the samples to the confocal microscopic laser light, formation of cytoplasmic speckles was avoided in samples not treated with light ( Supplementary Fig. S3 ).
The fl uorescence distribution pattern in APAGE4 was indistinguishable from that in APAG53 ( Fig. 1B ) . Neither nuclear fl uorescence nor cytoplasmic speckle formation was observed. It should be noted that the cytoplasmic speckles formed rapidly when APAG and APAGE seedlings were subjected to two or more scans with the confocal microscope laser ( Supplementary Fig. S3 ). As expected, the APAGL35 and APAGL36 seedlings showed very intense and even distribution exclusively in The PHYA gene promoter ( PHYA pro), the PHYA cDNA ( PHY ) and sGFP cDNA were fused in that order. Nos T, the Nos terminator; NLS, nuclear localization signal; NES, nuclear export signal. The fusion genes APAG , APAGL and APAGE were cloned into the pPZP211 vector and transformed into the phyA mutant. (B) GFP fl uorescence images of APAG53, APAGL35, APAGL36 and APAGE4 lines. Epidermis in the hook region of 3-dayold dark-grown seedlings was observed with a confocal laser scanning microscope. The GFP fl uorescence image (left) and that overlaid with a differential interference contrast image are shown. Because of the high expression level in APAGL35, this line was observed with 1/3.2-fold sensitivity. Bar = 10 µm. (C) Immunoblot detection of phyA-GFP derivatives in 3-day-old dark-grown seedlings. A 5 µg aliquot of total protein was loaded per lane. The blots were probed with a monoclonal anti-phyA antibody, mAA01. Filled triangle, phyA-GFP derivatives; open triangle, the endogenous phyA. the nucleus even in darkness, indicating that the NLS was active enough to overcome any activity of phyA for retention in the cytoplasm ( Fig. 1B ).
Nuclear accumulation under FR
The phyA-GFP fusion protein accumulated in the nucleus under continuous FR ( Kircher et al. 1999 ). Three-day-old dark-grown seedlings were exposed to continuous FR (20 µmol m − 2 s − 1 ) for various lengths of time and were observed with a confocal laser scanning microscope ( Fig. 2A ). Exposure to laser light was minimized by scanning only once per sample.
As shown in Fig. 2A , a signifi cant nuclear GFP signal was already detected at 2 h under FR in APAG53. The nuclear fl uorescence further increased up to 8 h. The intensity then gradually decreased in both the nucleus and cytoplasm, as previously reported ( Rösler et al. 2007 ) . Notably, the cytoplasmic signal remained detectable throughout the 24 h FR treatment. As with samples kept in darkness, no cytoplasmic or nuclear speckles were observed in the sample treated with FR for 1 h ( Supplementary Fig. S3 ). Semi-quantifi cation of the GFP fl uorescence indicated that the nuclear signal was stronger than the cytoplasmic signal at 8 and 24 h in APAG53 ( Fig. 2B ) .
The APAGE and APAGL seedlings were observed using the same methods ( Fig. 2A ). As expected, neither the nuclear signal nor cytoplasmic speckles were observed in APAGE4. The cytoplasmic signal in APAGE4 gradually decreased as with APAG53. In contrast, the signal was detected exclusively in the nucleus in APAGL35 and APAGL36. Notably, only a few nuclear speckles were observed in these lines at 2 h in FR. Semi-quantifi cation of the GFP fl uorescence indicated that nuclear fl uorescence was always much higher in APAGL35 than in APAG53, whereas nuclear fl uorescence in APAGL36 was weaker than in APAG53 at 8 and 24 h in FR ( Fig. 2B ).
'Ultra-fast' confocal laser scanning observation of FR-induced nuclear accumulation
In previous publications, relatively rapid nuclear import of phyA ( Hisada et al. 2000 ) or phyA-GFP ( Kircher et al. 1999 , Kim et al. 2000 , Kircher et al. 2002 under FR has been reported. In the present study, an 'ultra-fast' confocal laser scanning microscope (LSM 5 LIVE, Zeiss) was utilized to examine the nuclear import kinetics of phyA-GFP at an earlier phase of the light treatment. This microscope enabled recording of 44 Z -axis frames (1,024 × 1,024 resolution) at 1 µm intervals within 2.2 s. The resulting image stacks were inspected to select images in which nuclei were clearly recognized. In this experiment, APAG77, which showed a slightly higher expression than APAG53 (data not shown), was used to observed the GFP fl uorescence more clearly.
The APAG77 dark-grown seedlings were scanned once, irradiated with FR (20 µmol m − 2 s − 1 ) on the microscopic stage continuously, and then scanned again ( Fig. 3 ) . In this way, the cytoplasmic and nuclear levels of fl uorescence were determined more precisely. Consequently, nuclear entry of phyA could be detected as early as 5 min after onset of FR in some of the nuclei ( Fig. 3A ) . However, the percentage of nuclei with fl uorescent signals was low at this time point. After 10-20 min, most of the nuclei exhibited the fl uorescence with intensities comparable with that in the cytoplasm ( Fig. 3B ). The nuclear intensity continued to increase and ultimately exceeded the cytoplasmic fl uorescence at 1 h after onset of the light treatment. Both APAGL35 and APAGL36 showed mostly an even distribution of fl uorescence in the nucleus in the dark ( Supplementary Fig. S4 ). The intensity did not change very much in response to irradiation ( Fig. 3B ). The nuclear fl uorescence in APAGL35 remained much higher than in APAG77 during the course of the experiment. Only a few nuclear speckles were visible in APAGL35 during the 1 h of exposure to FR ( Supplementary Fig. S4 ). The observed nuclear speckles were smaller in size compared with those described by other authors ( Kim et al. 2000 , Kircher et al. 2002 , Chen 2008 ).
Degradation of phyA-GFP derivatives under R
PhyA is degraded rapidly under light ( Abe et al. 1989 , Sharrock and Clack 2002 ) . Three-day-old dark-grown seedlings of the present lines were placed under continuous R (10 µmol m − 2 s − 1 ) and observed at different time points ( Fig. 4A ). As expected, GFP fl uorescence decreased constantly during the course of the treatment. The fl uorescence disappeared almost completely at 8 h in APAG53 and APAGE4. In contrast to the FR-treated seedlings, clear cytoplasmic speckles were observed at 30 min in APAG77 ( Supplementary Fig. S3 ). Interestingly, the GFP fl uorescence decreased more rapidly in APAGL35 and APAGL36. After 2 h under continuous R, the fl uorescence became almost undetectable. These results were further confi rmed by immunoblotting ( Fig. 4B ) .
The GFP fl uorescence in the cytoplasm and the nucleus was quantifi ed in APAG53, APAGL35, APAGL36 and APAGE4 ( Fig. 5A ). The log/linear plot of the data showed that phyA-GFP was degraded with fi rst order kinetics regardless of its subcellular localization. The apparent half-lives ( t 1/2 ), calculated from data shown in Fig. 5A , indicated that phyA-GFP-NLS was degraded 2-3 times more rapidly than phyA-GFP and phyA-GFP-NES ( Table 1 ) .
To compare the degradation kinetics of phyA-GFP derivatives and the endogenous phyA, proteins were extracted and subjected to immunoblotting. An extract from dark-grown wild-type seedlings was used as the standard for dilution analysis ( Supplementary Fig. S5 ). The result is presented in the log/ linear plot in Fig. 5A . As is the case with the GFP fl uorescence analysis, nuclear-localized phyA-GFP (APAGL) was less stable than phyA-GFP localized mainly (APAG) or exclusively (APAGE) in the cytoplasm ( Table 1 ). It should be noted that endogenous phyA degraded more rapidly than phyA-GFP in APAG53. Since the authentic promoter was used in these studies, the discrepancy was probably due to the stabilizing effect of GFP on phyA P FR .
It has been suggested that PhyA is degraded by the proteasome pathway ( Jabben et al. 1989a , Jabben et al. 1989b ). Indeed, a proteasome inhibitor, MG132, at least partially inhibits phyA degradation ( Seo et al. 2004 ) . Therefore, the effects of MG132 on phyA-GFP degradation were examined in the present lines. As shown in Fig. 5B , MG132 delayed the degradation to some extent regardless of the line examined. Hence, the degradation in the cytoplasm and the nucleus could not be distinguished with respect to the sensitivity to the proteasome inhibitor.
'Ultra-fast' confocal laser scanning observation of R-induced nuclear accumulation
Although phyA-GFP is degraded after prolonged exposure to R, rapid nuclear import of phyA-GFP has been reported in the early phase of the dark-to-light transition ( Kircher et al. 1999 , Hisada et al. 2000 , Kircher et al. 2002 . This phenomenon was not clearly observed after 2 h in R in APAG53 ( Fig. 4A ) . Hence, the APAG77 seedlings were observed at earlier time points using the 'ultra-fast' confocal laser scanning microscope ( Fig. 6A ). Semi-quantifi cation of the results indicated that the nuclear signal increased up to 10 min in APAG77 ( Fig. 6B ) , which is consistent with the previous report ( Kircher et al. 2002 ) . Interestingly, these initial import kinetics were very similar to those observed under FR ( Fig. 3B ). The nuclear fl uorescence then started to decrease under R, which was opposite to the increase observed under FR.
In APAGL35, which is the line that exhibits higher nuclear abundance, rapid nuclear speckle formation was detected in some cells within 5 min under R ( Supplementary Fig. S4 ). The number and size of visible speckles increased with time. These speckles were bigger in size and more abundant than those few observed under FR. They probably correspond to the nuclear bodies described in the literature ( Yamaguchi et al. 1999 , Kircher et al. 1999 , Kim et al. 2000 , Chen 2008 ). However, similar nuclear bodies were not observed in APAGL36 ( Supplementary Fig. S4 ), suggesting that formation of nuclear speckles may depend on the local concentration of phyA-GFP in the nucleus.
Long-term morphological responses to FR
In order to assess the relationship between the subcellular localization and physiological activity of phyA-GFP, hypocotyl FR-HIR was examined in the present lines. The Arabidopsis phyA mutants exhibit the long hypocotyl and closed, unexpanded cotyledon phenotype under continuous FR ( Parks and Quail 1993 , Nagatani et al. 1993 , Whitelam et al. 1993 . As expected, the parental phyA mutant phenotype was fully complemented in APAG53 with respect to the hypocotyl response ( Fig. 7 ) . As is the case with APAG53, the response to FR was slightly enhanced in APAGL35. However, no clear quantitative correlation between the degrees of the response and the levels of nuclear phyA-GFP was observed in these lines ( Fig. 2B ).
We next asked whether lower levels of phyA-GFP accumulation in the nucleus could restore the response. In APAGL36, which accumulated phyA-GFP at a much lower level than APAGL35 ( Fig. 2B ) , the hypocotyl response was signifi cantly weaker than in APAG53 ( Fig. 7 ) . The sensitivity was estimated to be reduced several fold in APAGL36 compared with APAG53. Hence, lower levels of accumulation in the nucleus resulted in reduced sensitivity. In contrast to the APAGL lines, APAGE4, in which no nuclear fl uorescence was observed, failed to respond to the FR treatment ( Fig. 7 ) .
It should be noted that APAGL35 displayed a shorter hypocotyl and a more open cotyledon angle even in darkness (data not shown). The observed 'dark' phenotype could be due to the presence of the active phyA P FR , which might be established by the germination synchronization treatment with light (see Materials and Methods). Hence, we re-examined the fl uence response curves without the synchronization by light (data not shown). For this experiment, the seeds were treated under green safe light from the beginning of the seed imbibition. In this way, we could reduce the 'dark' response in APAGL35. However, the response was not completely abolished. This might be due to sensitized VLFR to the green safe light during seed imbibition.
Short-term morphological responses to FR
To relate the nuclear levels of phyA-GFP to the physiological responses more precisely, short-term responses to FR were examined. Chl accumulation and hook opening responses were chosen for this purpose ( Fig. 8A ) . Although Chl did not accumulate very effi ciently under longer wavelengths of FR (data not shown), the FR light-emitting diodes (LEDs) used in the present study contained a certain amount of shorter wavelength light around 700 nm and induced detectable Chl Photographs of the seedlings were taken and hypocotyl lengths were determined. The lengths in dark controls were set to 1. n ≥ 25. Averages ± SDs from three independent experiments are shown. accumulation ( Supplementary Fig. S6 ). Hence, it was speculated that the present FR source promoted both protochlorophyllide accumulation and its photoconversion to Chl. As shown, the Chl level gradually increased in response to continuous FR. The difference between the wild type and the phyA mutant was already obvious by 2 h after the onset of the light treatment. The Chl content was higher at this and later time points in APAGL35 than in the other lines, including APAG53 and the wild type. As with the hypocotyl response ( Fig. 7 ) , APAGE4 failed to complement the phyA mutant phenotype whereas the APAGL36 response was signifi cantly weaker than in the other positive lines. We confi rmed that the protochlorophyllide levels were similar in those lines in darkness (data not shown).
In the hook opening experiment ( Fig. 8B ) , the angle at the beginning of the experiment was set to zero for each genotype. As with the Chl response, normal and somewhat enhanced responses were observed in APAG53 and APAGL35, respectively. In contrast, APAGE4 and APAGL36 completely failed to show a response.
The above responses proceeded without a lag in the wild type ( Fig. 8 ) . For unknown reasons, a lag of approximately 1 h was observed before the response became detectable in APAG53 ( Fig. 8 ). More importantly, a similar lag was observed, even in APAGL35, regardless of the fact that phyA-GFP-NLS was already present in the nucleus from the beginning of the light treatment ( Fig. 2 ) . Hence, the nuclear entry of phyA did not appear to be a rate-limiting step in these responses.
Short-term gene expression responses to FR
The expression of several genes is induced in an acute and strong manner over a relatively short period of approximately 1 h ( Tepperman et al. 2001 ). The response is almost exclusively mediated by phyA. PRR5 (At5g24470) and PRR9 (At2g49790) are examples of such genes. Dark-grown seedlings were treated with continuous FR and subjected to quantitative real-time reverse transcription-PCR (qRT-PCR) analysis ( Fig. 9 ) . The results showed that similar inductive responses were observed at 1 h in the wild type, APAG53, APAGL35 and APAGL36, whereas neither phyA nor APAGE4 responded to this treatment. These results shared the overall tendency with other physiological responses ( Figs. 7 , 8 ). However, APAGL36 responded almost normally to the light treatment, which was different from that observed for the other responses. 
Discussion
Establishment of the transgenic lines expressing phyA-GFP derivatives
In the present work, we aimed to dissect the nuclear and cytoplasmic events that constitute the phyA signal transduction cascade. To accomplish this goal, the APAG, APAGL and APAGE lines that expressed the phyA-GFP, phyA-GFP-NLS and phyA-GFP-NES fusion proteins, respectively, were established ( Fig. 1A ) . The fusion proteins were expressed under the control of the authentic PHYA promoter in the Arabidopsis phyA mutant background. These plants were analyzed to assess the biological activities of phyA-GFP localized within different subcellular compartments. This approach should complement the approach taken by other authors ( Hilbrunner et al. 2005 , Hilbrunner et al. 2006 , Rösler et al. 2007 ).
In the past, obtaining a phyA-GFP line with wild-type phyA expression levels was cumbersome, but the PHYA authentic promoter circumvented this problem ( Fig. 1 ). The present lines accumulated the introduced protein at levels comparable with those observed in wild-type plants under darkness. The phyA-GFP fusion protein has been reported to complement the phyA -defi cient mutant in terms of classical hypocotyl response, indicating that the GFP tag does not reduce the physiological activity of phyA ( Kircher et al. 1999 , Kim et al. 2000 . Indeed, the present APAG53 line exhibited a hypocotyl response that was almost indistinguishable from that observed in the wild type ( Figs. 7-9 ).
Light-induced nuclear import of phyA-GFP in APAG lines
The detailed distribution of phyA-GFP was fi rst observed in the dark ( Fig. 1A ) . In APAG, the protein was dispersed in the cytoplasm without aggregation. Other authors have described similar distribution patterns in the dark ( Kircher et al. 1999 , Hisada et al. 2000 . The same distribution pattern was also observed in APAGE. In contrast to phyB-GFP, whose fl uorescence is observed in the nuclei even in darkness , the phyA-GFP fl uorescence was much weaker in the nucleus than in the surrounding cytoplasm. Hence, phyA appeared to be retained in the cytoplasm more tightly than phyB in dark conditions.
PhyA-GFP has been reported to be rapidly imported into the nucleus in response to light treatment ( Kircher et al. 1999 , Kim et al. 2000 , Kircher et al. 2002 . We confi rmed that the uptake was relatively rapid under both FR ( Fig. 3 ) and R ( Fig. 6 ) in APAG77. Furthermore, the import kinetics during the fi rst 10 min were comparable between both light conditions. Hence, the mechanisms of nuclear uptake under FR and R might be very similar, at least during the initial phase. Thereafter, levels of nuclear phyA-GFP increase further under FR, whereas they begin to decrease under R. The latter situation refl ects the fact that the R-induced degradation takes place in both the nucleus and cytoplasm (see below).
In principle, a protein with an NES should be imported into the nucleus once and then, subsequently, exported from the nucleus. Hence, a small fraction of phyA-GFP in the nucleus under continuous R or FR conditions could have been detected in APAGE4. However, we could not detect any change in the nuclear fl uorescence under light conditions ( Figs. 2 , 4 ) , suggesting that the nuclear level was too low to be detected by the present method.
Speckle formation in the nucleus
Phytochromes form nuclear speckles in response to light stimuli ( Kircher et al. 1999 , Yamaguchi et al. 1999 . Several studies support the idea that localization of phyA in the nuclear speckles is important for their function ( Chen et al. 2003 , Hiltbrunner et al. 2005 , Kevei et al. 2007 , Rösler et al. 2007 , Chen 2008 ). However, nuclear speckles formed less effectively in the present lines. Under continuous FR, we observed very few nuclear speckles in APAG53 ( Figs. 2 , 3 ). The nuclear speckles were not formed effi ciently under FR, even in APAGL35 ( Supplementary Fig. S4 ), which accumulated phyA-GFP at very high levels in the nuclei ( Fig. 2B ). Since obvious physiological responses were observed in those lines ( Figs. 7-9 ), the relevance of the phyA nuclear speckles to physiological activity remains unclear.
In contrast, rapid speckle formation was detected in the nucleus in APAGL35 under R ( Supplementary Fig. S4 ) as has been reported by Genoud et al. (2008) . These R-induced speckles were larger and more abundant than those induced under FR. The number of visible speckles increased over time, being more abundant at 1 h than after 5 min of irradiation. These aggregates probably correspond to the nuclear bodies described in the literature ( Yamaguchi et al. 1999 , Kircher et al. 1999 , Kim et al. 2000 , Chen 2008 ). It should be noted here that nuclear speckle formation was less clear in APAG lines under R ( Figs. 4 , 5 ). Furthermore, no nuclear speckle was observed in the lowest expresser, APAGL36. Hence, the rapid nuclear speckle formation under R might depend on the local concentration of phyA.
Speckle formation in the cytoplasm
Under R, phyA-GFP speckles are observed not only in the nucleus but also in the cytoplasm ( Mackenzie et al. 1975 , Speth et al. 1986 , Kim et al. 2000 . The latter has been proposed to be involved in the light-dependent degradation of phyA ( Speth et al. 1986 ). In the present experiments, cytoplasmic speckles were observed in some cases under R ( Supplementary  Fig. S3 ). Since effi cient phyA-GFP degradation appeared to occur independently of the extent of speckle formation (data not shown), the relevance of the cytoplasmic speckles of phyA-GFP to the degradation remains unclear. It should be noted here that multiple scans with high-intensity laser light from the confocal microscope tended to induce speckle formation more effi ciently than R. Hence, rapid cycling between P R and P FR might accelerate the cytoplasmic speckle formation.
Degradation of phyA-GFP under R
The levels of active phyA protein are regulated by light at multiple levels ( Quail et al. 1995 ) ; the transition from darkness to light causes a rapid drop in the levels of PHYA mRNA and the synthesis of the PHYA apoprotein ( Sharrock and Quail 1989 ) ; there is also a rapid degradation of phyA P FR holoprotein ( Abe et al. 1989 , Sharrock and Clack 2002 ) . In addition, the subcellular localization pattern of phyA is modifi ed by light. The phyA protein level rapidly decreases even when it is expressed under the control of the constitutive viral 35S promoter ( Wagner et al. 1996 , Kim et al. 2000 . Hence, protein degradation appears to be the major mechanism for eliminating excess phyA in response to light.
The phyA protein is ubiquitinated before degradation ( Jabben et al. 1989a , Jabben et al. b) . The COP1 protein is involved in this process ( Seo et al. 2004 ). The latter observation implies that the initial step of phyA degradation takes place inside the nucleus because COP1 mainly resides in the nucleus at least during the early phase of the dark-to-light transition ( von Arnim and Deng 1994 ). However, the present results suggest that phyA could also be degraded in the cytoplasm. The phyA-GFP was rapidly degraded with fi rst-order kinetics not only in APAG53, APAGL35 and APAGL36 but also in APAGE4 ( Figs. 4 , 5 ). These observations are consistent with a previous report that light-induced phyA degradation was observed even in fhy1-fhl seedlings ( Rösler et al. 2007 ) , in which the nuclear localization of phyA is prevented.
Interestingly, the degradation rate of phyA-GFP was faster in the nucleus than in the cytoplasm ( Fig. 5A ). APAGL35 and APAGL36 were 2-4 times less stable than APAG53 and APAGE4 regardless of the methods used to determine the half-lives ( Table 1 ) . Similar results have been reported by another group recently (Debriuex and Fankhauser 2010). For an unknown reason, the half-lives determined by immunoblotting were 1.1-1.5 times longer than those determined by GFP fl uorescence. One possible explanation is that phyA derivatives might be less stable in the epidermis where the GFP fl uorescence was observed. Additionally, the GFP fl uorescence levels might be underestimated towards the low intensity range by the present observation method. It should also be noted that the GFP-tagged phyA (APAG53) was more stable under R than the endogenous phyA in the wild type ( Fig. 5A , Table 1 ). Therefore, one should be cautious about results obtained using GFP-tagged phytochromes.
The above observation might imply that phyA P FR in the nucleus should be degraded more rapidly to eliminate its excess activity in the nucleus. In any case, phyA P FR might be degraded through different mechanisms in these two subcellular compartments. However, MG132, a proteasome inhibitor, affected the degradation of phyA-GFP with either an NLS or NES in a similar manner ( Fig. 5B ) . Hence, it remains unclear whether phyA is degraded through different mechanisms in different sites of the cell.
Nuclear localization and physiological responses
PhyA fails to induce FR-HIR in the fhy-fhl mutants in which phyA is not imported into the nucleus ( Hiltbrunner et al. 2006 , Rösler et al. 2007 . Furthermore, the phyA -defi cient phenotype in the fhy1 mutant is restored by introducing nuclear-localized phyA-GFP ( Genoud et al. 2008 ). These observations strongly support the idea that phyA transduces the signal in the nucleus. In the present study, phyA nuclear localization was prevented by attaching the NES ( Fig. 1A ) . As is the case with the fhy1-fhl mutant, phyA-GFP-NES (APAGE4) failed to mediate FR-HIR ( Figs. 7-9 ). In striking contrast, phyA-GFP-NLS mediated the full FR-HIR response. Hence, phyA most probably induces FR-HIR within the nucleus.
Although the above results indicated the importance of phyA nuclear localization, the level of nuclear phyA and the extent of the response did not appear to match precisely. APAGL36 accumulated phyA-GFP in the nucleus at a moderate level, albeit somewhat lower than observed in APAG53 ( Fig. 2 ) . For some reason, this line exhibited different responsiveness to continuous FR depending on the physiological response ( Figs. 7-9 ). Hence, the required levels of phyA in the nucleus might differ between these responses. It is noteworthy here that physiological responses in APAGL tended to be stronger for shorter term responses. This fact may imply that early responses require lower levels of phyA in the nucleus. Alternatively, the acute gene expression response at 1 h might be one of a few responses in which low levels of nuclear phyA can trigger the full response.
It is noteworthy here that advancement of the response was not observed in APAGL even for shorter term responses ( Fig. 8 ) , regardless of the fact that phyA-GFP was already localized in the nucleus from the beginning of the light treatment ( Fig. 2 ) . Hence, phyA nuclear localization appeared to be rapid enough to mediate rapid responses to FR.
The 'dark' phenotype in APAGL lines
The 'dark' phenotype was observed in APAGL35 and to a lesser extent in APAG77 (data not shown). First, the hypocotyl was somewhat shorter in these lines, even in darkness. Secondly, the seedlings exhibited more open and expanded cotyledons. These phenotypes could be diminished by omitting light treatment of the seeds during imbibition (data not shown). This observation is reminiscent of 'pseudo-dark' phenotypes reported in pif single and multiple mutants ( Leivar et al. 2008 ) . It is intriguing that a light stimulus given before germination can affect seedling growth at later stages in those lines.
Interestingly, the response was not completely abolished by the above treatment. Hence, phyA accumulating at very high levels in the nucleus may be able to elicit some response without the light input. This phenotype has not been reported in the previous work in which phyA-GFP with an NLS was expressed ( Genoud et al. 2008 ). This discrepancy might be due to the difference in the host line used. Indeed, the phyA-GFP derivatives were expressed in the Col rather than the L er background in the previous work. It is intriguing here that the L er line exhibits much more robust VLFR than Col ( Yanovsky et al. 1997 ) . Hence, phyA-GFP-NLS might cause a stronger 'dark' phenotype in L er through a VLFR-like mechanism intensifi ed in this background.
The cytoplasmic phyA has been reported to mediate a peculiar physiological response to light ( Rösler et al. 2007 ). Otherwise, the physiological relevance of the cytoplasmic retention of phyA P R in darkness remains unclear. Although the initial nuclear level of phyA-GFP was totally different in APAG53 and APAGL35, the apparent responses were almost indistinguishable between these lines, even as far as relatively rapid responses were concerned ( Figs. 7-9 ). We also did not observe a difference in morphogenesis under continuous white light ( Supplementary Fig. S1 ). For one thing, the cytoplasmic retention might be important to prevent unnecessary 'dark' responses due to the preceding exposure of seeds to light (see above). It also remains possible that the difference between the APAG and APAGL lines may be observed under conditions not tested in the current study.
Materials and Methods
Transformation of Arabidopsis lines
The 2.9 kb promoter region (position 0 to − 2,929) of the Arabidopsis PHYA gene was fused to Arabidopsis PHYA cDNA, the GFP cDNA and the Nos terminator ( APAG ) ( Fig. 1A ) . To localize phyA-GFP either inside or outside the nucleus, the NLS ( APAGL ) or NES ( APAGE ) were fused to the C-terminal end of phyA-GFP, respectively. The NLS and NES were derived from SV40 and PKI, respectively ( Matsushita et al. 2003 ) . The resulting chimeric genes were inserted into the pPZP211 vector and transformed into the Arabidopsis phyA-201 mutant via Agrobacterium tumefaciens -mediated transformation ( Clough and Bent 1998 ) . The transformants were selected by antibiotic (kanamycin) resistance. Homozygous lines were established and used for further analyses.
Light sources
White and R were from white fl uorescent tubes (FHF32EX-M-HX-S; NEC) and red fl uorescent tubes (FL20S-R; TOSHIBA), respectively. R was fi ltered through a 3 mm plastic plate (Shinkolite A102; Mitsubishi). FR was from LEDs (peak at 752 nm, half-bandwidth = 30 nm, LED-mFR; EYELA).
Seedling growth
Seeds were surface-sterilized in approximately 1.2 % sodium hypochlorite and 0.03 % Triton X-100 solution for 10 min and plated onto 0.8 % agar plates containing the Murashige and Skoog inorganic salt mixture and Gamborg B5 vitamins, stratifi ed at 4 ° C in the dark for 4 d, exposed to white light for 3 h to induce germination and placed in a growth chamber at 21 ° C in darkness for 21 h. The seedlings were further grown for 2 d to obtain 3-day-old dark-grown seedlings, which were used for most of the microscopic, immunochemical and physiological experiments.
Confocal microscopy
For microscopy, 3-day-old dark grown seedlings were used. All manipulations were performed under dim green light. For observation, seedlings were kept in the dark or exposed to continuous FR (20 µmol m − 2 s − 1 ) or R (8 µmol m − 2 s − 1 ). Samples were scanned only once to avoid the infl uence of excitation laser light on the phyA-GFP subcellular localization. Long-term nuclear accumulation was observed with a laser scanning microscope (FV300 + BX60; Olympus), whereas an ultra-fast laser scanning microscope (LSM 5 LIVE; Zeiss) was employed for the 'ultra-fast' observation. The GFP fl uorescence was observed with laser excitation at 488 nm.
Quantifi cation of the microscopic data
For the fl uorescence quantifi cation, the Olympus FLUOVIEW and the NIH ImageJ softwares were used. For each experimental condition, images were recorded from at least fi ve seedlings. The fl uorescent intensity was determined in 2-3 regions that clearly corresponded to either the cytoplasm or the nucleoplasm in each image (see Figs. 2 , 3 , 4 , 6 ) with the aid of the line measurement function of NIH ImageJ. The experiments were performed at least three times to calculate averages and standard deviations. The images recorded at different photomultiplier tube (PMT) settings were normalized with reference to the apparent intensity/PMT relationship determined by comparing the fl uorescent intensities in a set of standard samples under different PMT settings.
Immunochemical detection of phyA-GFP
Protein extracts were prepared from about 30 seedlings with a glass homogenizer in 50 µl of phytochrome extraction buffer (100 mM Tris-HCl, 13 mM mercapthoethanol, 5 mM EDTA, pH 8.3) containing a proteases inhibitor cocktail (Protein Inhibitor Cocktail for general use; SIGMA) at the recommended concentration. The protein concentration was measured by the Bradford method (Bio-Rad Protein Assay). A 5 µg aliquot of total protein was loaded on SDS-polyacrylamide gels for immunoblot detection with mAA01anti-phyA monoclonal antibody ( Shinomura et al. 1996 ) . For quantifi cation of signals, the blots were scanned to obtain digitized images, from which the band intensities were determined using NIH ImageJ software. The relative level was then estimated with reference to the wild-type dark-grown standard sample prepared in the dilution series ( Supplementary Fig. S5 ).
Hypocotyl length and hook angle measurements
The seeds treated with white light (see above) were placed under different fl uence rates of FR for 5 d. The light was attenuated with layers of dark plastic (S802 and S909; Takiron). For the hook angle measurements, 3-day-old dark-grown seedlings (see above) were treated with FR (20 µmol m − 2 s − 1 ). The hypocotyl lengths and hook angles were determined in at least 25 seedlings for each fl uence rate using NIH ImageJ software.
Chl measurements
Chl measurements were performed as described in Usami et al. (2004) with some modifi cations. Briefl y, cotyledons of 20 seedlings treated with FR (20 µmol m − 2 s − 1 ) were ground in 300 µl of dimethylformamide under green safe light and incubated in darkness with rocking at 4 ° C. The supernatant was used for fl uorescence measurements using a fl uorescence spectrophotometer (LS50B; Perkin Elmer) with excitation at 620 nm and emission at 673 nm. The Chl amount was calculated as described in Usami et al. (2004) .
Gene expression analysis
Total RNA was extracted from about 50 seedlings using Sepasol-RNA I Super (Nacalai Tesque) following the manufacturer's instructions. Reverse transcription was performed with the oligo(dT) primer using a Transcriptor First Strand cDNA Synthesis kit (Roche) according to the manufacturer's instructions. PCR was performed in 100 µl tubes with a Corbett Research thermocycler (QIAGEN) using SYBR Green to monitor double-stranded DNA synthesis. Reaction mixtures contained 7.5 µl of LightCycler 480 SYBR Green I Master (Roche), 1 µl of cDNA and 200 nM each of the gene-specifi c primers in a fi nal volume of 15 µl. The following standard thermal profi le was used for all PCRs: 95 ° C for 5 min, and 40 cycles of 95 ° C for 5 s, 55 ° C for 10 s and 72 ° C for 20 s. Data were analyzed using Rotor-Gene 6.0.16 software (Corbett Research). As an internal control gene, the TUB2 (At5G62690) /TUB3 (At5G62700) gene was used ( Endo et al., 2007 ) . Primer sequences used in the present study are PRR9 forward, GCCAGAGAGAAGCTG CATTGA; PRR9 reverse, CCTGCTCTGGTACCGAACCTT; PRR5 forward, CGTTACGAGAGCCGGAAGAA; PRR5 reverse, TGGAGCTTGTGTGGATTGGA. TUB2/TUB3 forward, CCAGC TTTGGTGATTTGAAC; and TUB2/TUB3 reverse, CAAGCTTT CGGAGGTCAGAG.
Supplementary data
Supplementary data are available at PCP online. 
